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I. INTRODUCTION
O RTHOGONAL frequency division multiplexing (OFDM) is often used as a modulation scheme for high-speed wireless transmission, due to its simple receiver structure composed of frequency-domain one-tap equalizers. Furthermore, the intersymbol interference (ISI) in OFDM can be easily prevented by inserting a guard interval before each transmitted block. However, OFDM-based transmission systems are known to be sensitive to symbol and frequency synchronization errors, and nonlinear distortion [1] , [2] . A number of frequency estimation methods have been developed for OFDM applications and a reliable synchronization is achieved by transmitting training symbols [3] , [4] .
In this letter, a multistage technique to acquire frequency offset synchronization for burst data is proposed and shown to have a good accuracy with a large estimation range. Also, an ADDCE technique for burst data is proposed to track time-variation of a wireless channel as well as to reduce noise effects at subchannels.
II. FREQUENCY SYNCHRONIZATION
One OFDM preamble, lasting over 4 OFDM symbol periods consists of 1 symbol period for silence, 2 symbol periods for symbol and frequency-offset synchronization, and 1 symbol period for equalization (or correction of symbol timing-offset when noncoherent modulation is used). As shown in Fig. 1 Publisher Item Identifier S 1089-7798(00)01250-3. OFDM preamble with periodic signals in the time domain can be generated in the frequency domain as follows otherwise
(1) where is the training symbol at the th subcarrier for the frequency offset estimation, refers to a random symbol other than 0, is the number of samples over 1 OFDM symbol, and is inserted to prevent the signal power of the preamble from being decreased due to zero insertion.
A. Multistage Approach
In such a symbol structure, a number of base subblocks are bundled to obtain a new primary subblock such that two primary subblocks of an samples come to exist in the 1 OFDM symbol. Further, an number of base subblocks are bundled to obtain a new second subblock such that four secondary subblocks come to exist in the 1 OFDM symbol. In this way, of base subblocks are bundled to obtain a number of th subblocks. Then, the frequency-offset for the th-stage is estimated by correlating the adjacent th-stage subblocks as follows: (2) The received signal of the OFDM preamble for frequency-offset estimation, , is given by (3) where is the transfer function of the channel at the frequency of the th carrier, is the relative frequency offset of the channel, and is the complex envelope of additive white Gaussian noise (AWGN).
1089-7798/00$10.00 © 2000 IEEE Since is normalized by the subcarrier spacing, the estimation range for the th-stage becomes . The highest accuracy of a frequency-offset estimator is achieved at the expense of a smaller estimation range when the first-stage superblocks are used [3] . As the size of blocks becomes smaller, the estimation range for a frequency-offset estimator is increased.
After receiving one OFDM symbol for frequency-offset estimation, all estimated values of are obtained using (2) . The estimated values of from the th-stage subblocks have the following properties because of the argument function: (4) where is an integer satisfying the following conditions if if
As shown by (4) and (5), in each step the estimated offset value has various values according to . Accordingly, the number of offset values is reduced by according to the increase of step , because the intervals between adjacent values at each step increase by two times. As shown in Fig. 2 , the first step of the multistage algorithm is to calculate possible solutions for within the frequencyoffset range . The next step is to calculate possible solutions for within the frequency-offset range. Since the distance between the values of 's is twice as large as the one for 's, the number of solutions for reduces to 1/2. By selecting located in the neighborhood of , the number of solutions for reduces to 1/2. Finally, one solution among various 's is selected by repeating the above procedure.
B. Averaging Approach
By averaging over two consecutive subblocks times, the carrier frequency offset can be estimated as follows (6) For and high SNR, the estimation error of the frequency offset may be approximated by (7) where , is one subblock symbol of the IFFT of the training symbol , and is an AWGN in the th subblock.From (7), we find that and (8) Therefore, for small errors, the estimate is unbiased and its variance is directly propotional to . Note that in (8) corresponds to variance of the multistage estimator obtained by the first-stage superblocks.
III. CHANNEL ESTIMATION
During the last period of the preamble, one OFDM training symbol for channel estimation is transmitted. Since the channel estimates obtained during the preamble period are used repeatedly to equalize the received signals, accurate estimation of a channel with one OFDM preamble is important. Two main sources affecting the performance of a channel estimator are noise and interchannel interference (ICI). The ICI, caused by the time-variation of a channel within a symbol period, is ignored in this letter because of the slowly-fading assumption. In order to reduce the effect of random noise at subchannels with only one OFDM training symbol, initial channel estimates are weighted and averaged over three neighboring subchannels under the assumption that the channel transfer function varies slowly over adjacent subchannels (9) where and represent the initial estimate of the channel transfer function at the th subchannel during the training symbol period and the transfer function estimate to be used for equalization, respectively. The weighting factors , , and , affecting the performance of the channel estimator, are determined by the following basic rules: 1)
, 2) the value of needs to be larger than that of and when the channel transfer function varies fast over adjacent subchannels, and 3) the value of needs to be increased as decreases. From above rules, (9) can be expressed as (10) Once is obtained, the variation of the channel transfer function is tracked by the following decision-directed channel estimation (DDCE) technique during the period of channel tracking [5] :
(11) where represents the estimate of and denotes the update factor for channel tracking.
IV. SIMULATION RESULTS
To demonstrate the effectiveness of the proposed estimation techniques, a two-path Rayleigh-fading channel with a Doppler frequency of 52 Hz (based on a maximum mobile speed of 3 m/s) is considered. Fig. 3 shows the performance of the frequency-offset estimator for . From Fig. 3 , one can see that the value of mean-squared error (MSE) obtained by the multistage approach shows good agreement with the one calculated by (8) within the estimation range, except for a small difference due to the neglect of the term for the Doppler frequency (52 Hz) in (8).
Similar conclusions are drawn from Fig. 4 . The smallest MSE, between the actual and estimated frequency-offsets with a small estimation range , is obtained when superblocks are used, whereas the largest MSE with a large estimation range is obtained when the third-stage subblocks are used. The multistage frequency-offset estimator can be shown to have the same accuracy as the estimator obtained by the first-stage superblocks, and the same estimation range as the one with the last-stage subblocks. Fig. 5 shows the BER performance of DDCE and ADDCE techniques with , , and symbols. From Fig. 5 , one can see that the channel estimator with ADDCE technique outperforms the one with DDCE technique, especially at low environments.
V. CONCLUDING REMARKS
In this letter, a burst synchronization technique for an OFDM preamble is proposed. The proposed techniques for frequencyoffset estimation, derived by using an inherent nature of a repetitive pattern, are shown to have a good accuracy with a large estimation range. Also, an ADDCE technique appropriate for noisy multipath fading channles with time-varying characteristic is proposed by combining an averaged channel estimation technique, good for reduction of noise effect at subchannels, and the DDCE technique, known to be effective for tracking time variation of a channel.
